ABSTRACT. Ischemia time during transplantation has greatly restricted the quality and utilization of grafts. To improve the quality of islet transplantation, adenosine was added into the University of Wisconsin (UW) pancreas perfusate to assess its effect on islet yield and function in porcine pancreas. Ten pancreata from donation after cardiac death pigs were obtained and randomly divided into two groups: control group (N = 5) with UW perfusion solution, and experimental group (N = 5) with adenosine-enriched UW perfusion solution. The yield and purity of the islet cells were counted after they were collected, purified, and stained with dithizone. Acridine orange/propidium iodide staining was applied to determine islet cell viability. Islet function was assessed by glucose stimulated insulin secretion assays, and released insulin was quantified by enzyme-linked immunosorbent assay. The metabolic substrates of the pancreas were analyzed by trace dialysis technology. We found that the addition of adenosine in UW perfusion solution significantly increased the yield, purity and viability of islet cells, as well as enhanced their insulin release. In addition, the levels of metabolic substrates, pyruvate and lactate, were significantly reduced. The addition of adenosine could effectively increase islet cell viability during mechanical perfusions, which may improve islet transplantation. This perfusion protocol may be clinically feasible, and should be considered in the clinical setting.
INTRODUCTION
Diabetes has become a serious threat to human health amongst the other major public health problems, and its prevalence is increasing every year (Bruni et al., 2014) . With new advancements in medical technologies, pancreatic islet transplantation has become an effective means for the treatment of diabetes (Ilkova et al., 1997; Robertson et al., 1999; Khairoun et al., 2013) . However, one major limitation to clinical islet transplantation is the availability of donor organs. Donation after cardiac death (DCD) (Ray et al., 2009) , defined as the irreversible cessation of circulatory and respiratory functions, has become an internationally recognized organ source.
The quantity and activity of isolated islet cells have been documented as major determinants for successful islet transplantations. Therefore, the procurement and preservation of viable islets is critical. Hypothermic machine perfusion is an excellent preservation method that has been widely used in the field of organ transplantation (Taylor et al., 2008; . Extensive studies revealed that hypothermic machine perfusion could maintain organ function, prevent ischemic injury, and improve transplant survival rates (Iwanaga et al., 2008; Moers et al., 2009; Karcz et al., 2010; . University of Wisconsin (UW) solution is the most commonly used perfusate, which contains a phosphate buffer, high potassium, and oxygen radical scavengers (Schneeberger et al., 2009 ). However, increasing evidence has suggested that it may be a suboptimal solution for pancreas preservation (Tsujimura et al., 2003; Matsumoto et al., 2004) .
Adenosine, as an endogenous nucleoside, is an important metabolic intermediate. Adenosine has a wide range of functions in the body via interactions with special adenosine receptors located on the cell surface. Previous studies have shown that adenosine could trigger or mediate the ischemia preconditioning phenomenon (Osswald and Gleiter, 1993; Nilsson et al., 2000) , and prolong cardiac storage (Galiñanes and Hearse, 1992; Fremes et al., 1995) . A recent report has also shown that adenosine plays an important role in the regeneration of pancreatic β-cells (Andersson et al., 2012) . Additionally, adenosine could stimulate adenosine triphosphate (ATP) synthesis after perfusion to restore high energy phosphates in the graft (Mentzer et al., 1993) .
In the present study, we aim to evaluate the effects of adenosine on islet quality during mechanical perfusion. DCD donors from Duroc-Landrace-Large White ternary hybrid pigs were chosen as research subjects. Preservation of pancreas was achieved using either adenosineenriched UW solution or UW solution alone prior to islet isolation. The islet yield, purity, activity, and insulin release index between the control (UW solution only) and experimental group (adenosineenriched UW solution) were compared at optimal perfusion times.
MATERIAL AND METHODS

Materials and process
Ten DCD porcine pancreata were obtained from Duroc-Landrace-Large White ternary hybrid pigs weighing 25 ± 3 kg from Shenyang Agricultural University. The pancreata were randomly divided into two groups. The control group was mechanically perfused with UW solution (Bristol-Myerse Squibb, New York, NY, USA), whereas the experimental group was perfused with adenosine-enriched (Sigma, St. Louis, MO, USA) UW solution. The mechanical perfusion time was set at 180 min, which was determined as the optimal perfusion time in our previous studies. All animal procedures were approved by the animal research ethics committee of the source institution.
Preparation of the DCD porcine model
Compound anesthesia method was performed: Sumianxin II (0.1 mL/kg) combined with propofol (2 mg/kg) was used to induce anesthesia. Anesthesia was maintained via continuous infusion of propofol and rocuronium after endotracheal intubation and artificial ventilation. All animals were maintained under standardized and controlled conditions during the operation: tidal volume was 10 mL/kg, respiratory frequency was 15 times per min, body center temperature was 37.8° to 38.3°C, and peak inspiratory pressure (PIP) was less than 25 cm H 2 O. The breathing machine was removed when the pigs were in deep anesthesia. DCD was induced by a sharp reduction in PaO 2 followed by gradual increase in PaCO 2 , resulting in hypercapnia and decrease in arterial pH. Responsiveness hypertension and bradycardia appeared subsequently, finally leading to cardiac arrest. The average death time was 19.25 min.
Acquisition of DCD porcine pancreas and mechanical perfusion
After declaration of cardiac death, the abdomen was opened by median laparotomy. Abdominal aorta sleeves were connected with the infusion pump head to ensure that gastroduodenal, splenic and superior mesenteric arteries were effectively perfused during the procedure. The temperature of perfusion fluid was maintained at 0 to 4°C. The perfusion pressure was maintained at less than 10 mmHg during the first 60 min to reduce micro artery damage, and was subsequently adjusted to 10 to 30 mmHg according to the perfusion parameters. The mechanical perfusion time was 180 min in total.
Separation and purification of DCD porcine islet
The method improved by Minnesota University (Gürol et al., 2004 ) was used to isolate and purify the islet of Langerhans. Cold collagenase solution (1.5 mg/mL) prepared with Hank's liquid was retrogradely injected into the pancreatic duct at a rate of 3 to 4 mL/min after the pancreas was put into a 50-mL centrifuge tube. The tube was subjected to heat shock for 25 min in the water bath at 37 °C, and 1 M NaOH solution was added to maintain the digestive fluid under a pH of 7.8 ± 1. The digestion process was terminated using cold Hank's liquid when the pancreas appeared as a fine granular solution, and the islets were collected.
The islets were purified by discontinuous density gradient centrifugation. Islet suspensions were collected at the junctions of 23 and 20.5, and 20.5% and 11% Ficoll gradient. The suspension was rinsed (1000 rpm, 4 to 8°C, 3 min) and cultured with RPMI-1640 for further experimentation.
Detection of DCD pig islets
Calculation of islet equivalents and islet purity
Islet cells were stained with dithizone (DTZ) (Shiroi et al., 2002) , and the positively labeled cells were counted. Islet cells with a diameter of 150 μm were considered as one islet equivalent (IEQ). The experiment was performed in triplicates using a 50 μL mixture each time. IEQ was calculated as follows:
Equation 1 where N indicates the number of islet equivalents, A indicates the average number of DTZ-positive cells, and V indicates the total sample volume (mL).
The purity of islet cells was calculated as the percentage of islet cells in all endocrine and exocrine cells.
Islet viability
Islet viability was revealed by acridine orange/propidiun iodide (AO/PI) staining. The AO/PI solution was mixed with islet suspension for 10 min on a watch glass. The watch glass was then observed under the fluorescence microscope. Viability of islet cells was calculated as follows:
Equation 2 Detection of insulin and metabolic products of the pancreas Islet function was evaluated by static glucose stimulated secretion assays, and secreted insulin was measured using enzyme-linked immunosorbent assay (ELISA). A total of 10 IEQ were counted and incubated in Kreb's-Hank's solution (contains 10 mM HEPES and 0.25% BSA) with low glucose (2.8 mM) for 2 h, followed by high glucose (16.7 mM) for 1 h. Culture media was collected to detect the insulin levels at 2 and 3 h. The insulin release index was calculated as follows:
Equation 3
The metabolic products of the pancreas were analyzed by trace dialysis technology (Waelgaard et al., 2008; Kannerup et al., 2009 ) to evaluate ischemia reperfusion damage after the addition of adenosine.
Statistical analysis
Results are expressed as mean ± standard deviation (SD). All data were analyzed using the SPSS 19.0 software. Results with P < 0.05 were considered statistically significant.
RESULTS
Detection of islet yield and purity
A number of islet cell groups and individual cells with circular or ovoid shapes were observed under the microscope. DTZ-positive cells appeared scarlet with smooth and opaque surfaces. More positively stained cells were observed in the experimental group as compared with the control group ( Figure 1A, B) . Exocrine cells were also observed, which were negative for DTZ. The number of islet cells in the control group was 3172 ± 503, while the experimental group had a significant increase in the number of islet cells, 3816 ± 522 ( Figure 1C) . Furthermore, islet purity was also significantly increased in the adenosine-enriched group (Figure 2) . 
Evaluation of islet cell viability
AO/PI fluorescence staining was used to detect cell viability and growth status under different perfusion environments. Cell density in the UW group was lower than that in the adenosineenriched UW group, and the sizes of cells in the latter group were also more uniform. The majority of islet cells were positively stained by AO, as demonstrated by strong green fluorescence in both groups. Only very few cells were dead, and expressed red fluorescence following PI staining ( Figure 3A, B) . The experimental group showed significantly higher cell viability as compared with the control group ( Figure 3C ). 
Insulin release index
The level and index of insulin release are shown in Table 1 . Results show that insulin release in the adenosine-enriched group was lower compared to that in the UW group when stimulated with low glucose. However, under high glucose conditions, insulin secreted by the adenosine-enriched group was significantly higher as compared to that by the UW group (P < 0.05). This finding suggests that adenosine may inhibit cytokine damage to islet cells.
Detection of pancreatic metabolites in different perfusion groups
Results indicate that the total amount of glucose, triglycerides, and glutamic acid in the adenosine-enriched group were comparable with that of the UW group (Table 2) , while lactate and pyruvate salt were significantly decreased (P < 0.05) (Figure 4) . This suggests that adenosine may reduce ischemia reperfusion damage to cell membranes as well as other organelles. 
DISCUSSION
The incidence of diabetes is continuous, which has serious implications for public health (Green et al., 1992) . The current methods for treatment of diabetes mainly include insulin injection, insulin pump, whole pancreas transplantation, and islet cell transplantation (Sutherland et al., 2001; Pickup et al., 2002; Robertson, 2004 The hypothermic mechanical perfusion technique has become widely used in organ transplantation (Jensen et al., 1987) . Morino et al. (1992) suggested that transplanted organs respond to ischemic injury with increased catabolism, and that a lower temperature could reduce islet metabolism and catabolism, thereby maintaining its function and survival. Mechanical perfusion can also continuously remove existing metabolic wastes, and provide oxygen and other necessary matrices for the transplantation procedure (Guarrera et al., 2005) . On the other hand, it may also cause toxicity to the organs, as mitochondria and other organelles may not be able to function well under lower temperatures, leading to changes in enzyme activities and RNA transcription.
The effect of adenosine on the function of DCD porcine pancreatic islet was explored in this study. Adenosine was added to the UW solution during hypothermic mechanical perfusion of the pancreas. The addition of adenosine significantly increased the yield, viability, and purity of islet cells. In addition, the production of insulin was also significantly enhanced. Previous studies have indicated that adenosine may enter the myocardium via phosphorylation, and generate adenosines that participate in myocardial energy metabolism, expansion of coronary blood vessels and increase in blood flow (Berne, 1980; Mustafa et al., 2009 ). Mentzer et al. (1993) also revealed that adenosine could stimulate ATP synthesis after reperfusion of the graft. Additionally, adenosine was reported to prevent cell damage by inhibiting K + -induced intracellular Ca 2+ loading (Jovanović et al., 1998) . Unsurprisingly, in the present study, the combination of adenosine and UW solution could effectively promote islet cell metabolism, reduce pyruvate and lactate contents, and mitigate damages to cell membranes, lysosomes and mitochondria.
In conclusion, our experimental results confirmed that addition of adenosine into the UW solution during hypothermic mechanical perfusion could effectively improve islet cell yield, viability, and metabolic activity as well as protect islet function. This procurement protocol may be clinically feasible and should be considered in the clinical setting.
